The purpose of this study is to explore the effects of working fluid on conventional combined cycle integrated with pressurized solid oxide fuel cell (SOFC) and waste heat recovery organic Rankine cycle (ORC) for stationary utility power generation. The mathematical model of a natural gas fueled design configuration is developed in Matlab and Simulink and simulated with 14 working fluids. The effluent gases of SOFC undergo combustion in the combustion chamber and it is utilized in the gas turbine, steam turbine cycle and ORC. The model is compared with those found in literature and the parametric studies of temperature, flow rate, fuel utilization factor and exhaust gas on the system efficiency are examined. Results revealed that working fluids show a closely related behavior in efficiency at low pressure ratio and high flow fraction, fuel utilization, and temperature. R-123 was found to perform the best among 14 working fluids studied, yielding a system energy efficiency of 70% in the combined cycle integrated with SOFC and ORC.
Introduction
The United States consumed 38% of its primary energy of 97.7 quadrillion Btu on the electric power sector in 2017 [1] . The electric utility power plants are under constant intense scrutiny over its environmental impacts and climate change potential. The utility companies need not only to reduce cost of electricity but also increase efficiency, lower air pollutants and greenhouse gas [2] . This may be Energy and Power Engineering achieved by using ORC in harvesting low thermal energy sources [3] and its choice of working fluid can have different effects on the performance of stationary power generation. Wang et al. [4] studied the selection of working fluid in organic Rankine cycle for engine waste recovery. The outcomes indicate that in single power plants, R11, R141b, R113 and R123 manifest slightly higher thermodynamic performances than the others; however, R245fa and R245ca are the most environment-friendly working fluids for engine waste heat recovery applications.
In addition, the effect of the working fluid can be observed on the performance of the combined cycle power plant or cases of hybridization of single classical thermodynamic cycle with solid oxide fuel cell (SOFC). For example, Muñoz de Escalona et al. [5] considered the part load analysis of GT-ORC using toluene, isopentane, R245fa, MDM (octamethyltrisiloxane), MD2M (decamethyltetrasiloxane) and MDM-MD2M mixtures as the organic agents. The result showed that incorporation of a toluene ORC bottoming cycle improves the performance of a stand-alone gas turbine by a larger margin than a conventional single pressure steam cycle. Pantaleo et al. [6] developed the thermodynamic and their part load efficiency model of ST-ORC in Cycle-Tempo. The results show that using Pentafluoropropane-R245fa-in ORC cycles combined steam turbine cycle appeared to be profitable in case of low temperature heat demand; otherwise a flexible ORC is required to match the heat demand. Akkaya et al. [7] studied the performance of solid oxide fuel cell-organic Rankine cycle combined system (SOFC-ORC) using R113 as the organic fluid; being that it has a relatively high boiling point although unstable at high temperatures. The study revealed that the efficiency is increased by 14% -25% by recovering SOFC waste heat through ORC based on investigated design parameter conditions. Ugartemendia et al. [8] developed a dynamic model of an alternative hybrid SOFC-ST configuration and showed that maximum efficiency is obtained when the utilization factor is 0.65 at a temperature of 900˚C for a 120 kW rated SOFC.
The choice of organic working fluid can impact the performance of triple cycle power plants or cases of hybridization of a combined cycle with SOFC [9] .
For example, Hung [10] discussed a series and parallel type triple cycles, which was a combination of GT-ST-ORC. Using benzene, ammonia, R-12 and R-123 as the working fluid, the study showed that by properly combining ORC with a ST, the organic Rankine cycle efficiently utilizes residual yet available energy to an optimal extent. Eveloy et al. [11] discussed the energy, exergy and economic analysis of an integrated solid oxide fuel cell-gas turbine-organic Rankine (SOFC-GT-ORC) power generation system. Using toluene, the power generation capacity was improved by a factor of three relative to the base gas turbine.
Ebrahimi et al. [12] discussed a combined solid oxide fuel cell, micro-gas turbine and organic Rankine cycle for power generation (SOFC-MGT-ORC). R123 was the organic working fluid of choice because being a dry refrigerant does not require superheating like water. The results from both the sensitivity and pinch The authors [13] studied the modeling of natural gas fueled quadruple cycle for power applications. The quadruple cycle is defined as conventional combined cycle integrated with SOFC and waste heat recovery ORC (SOFC-GT-ST-ORC). The order of arrangement of the components of the quadruple cycle depends on the waste gas temperature of the outgoing cycle and inlet gas temperature requirement of the incoming cycle. The result showed that quadruple cycle achieved an efficiency of 66% and the maximum performance was observed by providing ORC with 13% of the gas turbine exhaust. Although other papers might have discussed the effect of working fluid in single, combined and triple cycles, this paper discusses the effect of working fluid in quadruple cycle. In this study, the working fluids are listed in Table 1 . They were selected based on economics, thermodynamic and environmental properties [14] . In terms of thermodynamic properties, at a given evaporator temperature, the saturation pressure should be above atmospheric to prevent air or moisture from entering into the system. Desai et al. [15] wrote that dry and isentropic working fluid that is fluid with positive and infinite slope respectively are preferred because wet working fluids, fluids that have negative values of dS/dT such as R-32, may lead to moisture creation that may erode the turbine blades. In terms of environmental and safety properties, Valez et al. [16] wrote that selection should be based on working fluid with low ozone depleting potential (ODP) and global warming potential (GWP). Consequently, R-12 may be neglected and according to The American Society of Heating, Refrigerating and Air-Conditioning Engineers (ASHRAE) 34, Group A1 working fluids are the least hazardous, toxic, flammable and safest to use while Group B1 are the most hazardous shown in Table 1 . Based on this, working fluids like R245fa are not preferred [17] . In terms of economic, working fluids should be widely available and not be costly.
Tchanche et al. [18] assessed the theoretical performance as well as the thermodynamic and environmental properties of 20 fluids in a low-temperature solar organic Rankine cycle. The results showed suitable fluids for low-temperature applications driven by heat source temperature below 90˚C.
The objective of this study is to simulate combined cycle integrated with SOFC and ORC cycle at a system level with a series of 14 working fluids in the organic Rankine cycle in order to improve performance and increase efficiency. A steady state zero-dimensional MatLab and SimuLink numerical model of a SOFC-GT-ST-ORC is developed and the parametric study of temperature, fuel flow rate fraction, airflow rate fraction, fuel utilization factor and gas turbine exhaust gas fraction on the system efficiency are examined. and combustor. Ambient air at node 1 is compressed to node 2 and split to nodes 3 and 4. If necessary, the compressor can use an intercooler to achieve a higher pressure and temperature of the outgoing air. The compressed air at node 3 is preheated to an appropriate temperature in a heat exchanger prior to entering the SOFC cathode at node 5. Natural gas passing through a desulfurizer to remove the sulfur content at node 6 in the fuel is split into the anode at nodes 7
and combustion chamber at node 8. The SOFC operates at a relatively high temperature such as 677˚C and its anode and cathode effluent gases in nodes 9
and 10 respectively undergoes combustion with air from node 4 and fuel from node 8 to reach a burned gas temperature of 1241˚C. The gas turbine expansion of the product of combustion in node 11 generates additional power. The turbine expansion process leads to a reduction in pressure and temperature of the expanded gas from the gas turbine at node 12˚C to 754˚C. The gas turbine exhaust is split into nodes 13 and 19. Node 13 is passed through the heat recovery boiler I and exit at 30˚C [19] through node 14 to boil the feed water and raise the temperature of superheated steam that is fed into the steam turbine at node 15 for more power generation. Node 19 is part of the gas turbine exhaust gas and is at a same temperature as node 12, but at lesser mass flowrate useful for preheating the air entering the SOFC cathode. The effluent gases from the heat exchanger at node 20 raises the temperature of the ORC working fluid for the final power generated, before exiting at node 21 at 30˚C [19] in the range of ambient temperature. The expanded steam at node 16 is condensed to node 17 and pumped to the heat recovery boiler I at node 18. The properties of various ORC fluids used in simulation are listed in Table 1 . The effluent gas in node 23 is condensed to 24 and pumped back to the heat recovery boiler II at node 25. A conceptual T-S diagram for the combined cycle integrated with SOFC and ORC plant is shown in Figure 2 . The figure shows an extended form of a combination of SOFC and Brayton cycle.
Modeling of the Combined Cycle Integrated with SOFC and ORC Plant
The equations for developing each component of the model are shown below.
The overall performance of the system is one of main concern here. The system components are assumed to be at steady state.
Compressor
Air is assumed to be composed of 21% oxygen and 79% nitrogen and heat loss within the component is negligible. The air compressor exit temperature, isentropic efficiency and work can be calculated as shown in Figure 1 . 
T (temperature), i (nodal index), P (pressure), K (heat capacity ratio), , i c η (isentropic efficiency compressor), 2s T (isentropic temperature at node 2), _ c a ω  (air compressor work), m  (mass flowrate), p C (specific heat of air at constant pressure).
Solid Oxide Fuel Cell
The internal steam reforming process and water gas shift reaction generates hydrogen and CO mixture required by SOFC from natural gas [12] . Natural gas is assumed to be mainly methane, CH 4 .
CO H O CO H + ↔ + (water gas shift reaction) (5)
Afterwards, the oxidation of hydrogen gas to water occurs as shown in Equation (6 
where n  (molar flow rate), n e (number of electrons), inv η (inversion efficiency), h (specific enthalpy).
Combustor and Mass and Energy Balance Equations
Mass and energy balance equations in a combustion chamber shown below:
( ) 
Gas Turbine
The temperature at the exit of the gas turbine, , i g η (gas turbine isentropic efficiency) and gt ω  (gas turbine work) takes the form of 
ORC Turbine and ORC Pump
In modeling ORC, the melting point considered is lower than the lowest ambient operating temperature. This maintains the working fluid in the liquid phase. The critical temperature and pressure are higher than the maximum cycle operating temperature and pressure as only subcritical operations is assumed. 
The overall system efficiency of the combined cycle integrated with SOFC and ORC is given by [13] O. Matthew 
Results and Discussions
The system operating conditions and component efficiency are assumed and listed in Table 2 and the inputs and calculated thermodynamic properties at each node are listed in Table 3 . Table 4 shows the molar gas composition of selected nodes and Table 5 lists major performance results. Ambient air is supplied at 13.8 kg/s at a pressure of 101 kPa and temperature of 293 K [21] . Natural gas with a low heating value of 50,050 kJ/kg is supplied at 0.4 kg/s at a temperature of 400 K and pressure of 400 kPa. 85% fuel utilization factor with 3545 [20] planar SOFCs is assumed with a Faraday constant of 96,485 C. A practical compressor pressure ratio of 4.3 [13] was also selected and a current density of 2800 increased. Moreover, the unutilized oxygen gets completely burned in the combustor although the excess air reduces the adiabatic flame temperature because it acts as cooling air. When the air flow fraction is less than or equal to 0.5, there is insufficient oxygen to complete the electrochemical reaction. Consequently, the unutilized reformed fuel increases to over 7 moles after electrochemical reaction with a fuel utilization of less than or equal to 0.83. Nevertheless, with 0.5 moles of oxygen remaining, the bypassed excess air to node 4 helps to complete the combustion. Splitting the air could be useful for cooling to prevent NO x formation, completion of combustion or dilution of the pollutant emission. R-32 performed least. Figure 5 shows that as the fuel flow fraction increases, efficiency increases.
When fuel flow fraction is 0, it means that mass flow rate at node 7 into the SOFC anode is 0. The entire mass of fuel goes directly into the combustion chamber. Consequently, the air flow rate into the SOFC cathode does not get utilized. In this situation, the system is essentially a triple cycle. The SOFC work output is zero and the efficiency can be as low as 47%. As the fuel flow rate increases, the hydrogen produced from the reforming process increases. Thus, the utilization of oxygen entering the cathode increases. At a fuel flow fraction of 0.8, the available oxygen for the electrochemical reaction is totally consumed and the fuel utilization jumps from 0.85 to 0.87. At a flow fraction of 0.9, the oxygen becomes insufficient to complete the electrochemical reaction. As a result, the fuel utilization drops to 0.78 meaning that although there is fuel available for continuous electrochemical process, the air is not sufficient of complete the process. Nevertheless, the fuel gets harvested because it gets burned in the combustion chamber by the air from node 4. However, the limit is reached at fuel flow fraction of 1, where all the fuel from node 6 goes through 7 and into the SOFC anode. At this point, the change in enthalpy between nodes 20 and 21 is negative. This shows that the system performance is better than a triple cycle in this case with efficiency around 70%. R-1270 and R-600 are among the worst performance. Figure 6 shows that the system efficiency increases with increasing fuel utilization. When fuel utilization is 1, it means all the fuel in the SOFC gets utilized.
When the fuel utilization is 0, the air utilization, within the SOFC, is equally 0.
Consequently, the SOFC power is 0. Nevertheless the fuel gets burned in the combustor. As the fuel utilization increases, the amount of the unutilized hydrogen decreases so is the oxygen after the electrochemical process. Optimal performance is achieved at a fuel utilization of 1. However, most reformers are not 100% efficient. At higher fuel utilization, the behavior of working fluids is similar than at lower values of fuel utilization. the working fluid is more at lower values than at higher values of efficiency. This means that the performance of working fluids at higher outlet temperature is similar than at lower temperatures. Although every change in temperature at node 9, T 9 , may results from a corresponding change in temperature at node 5, T 5 , T 9 has to be greater than T 5 . Note that temperature at node 9 is equivalent to 10. There is a significant change between 800 and 900 K of about 15 points. The second constraint is that T 9 has to be less than T 11 . At T 9 equals to 1600 K, the constraint becomes violated. Contrary to the expectation, the combustor exit temperature does not continue to increase with increasing SOFC outlet temperature rather T 9 approaches T 11 and eventually becomes bigger. At high ORC turbine inlet temperature, flame temperature approaches, thus ORC fluids become unstable and negatively impact system efficiency. Figure 9 shows the effect of gas turbine exhaust split on the performance of the system. When gas turbine exhaust fraction is at 0, 100% of the gas turbine exhaust goes to produce work in the organic Rankine cycle in which case the steam turbine does no work. When the gas turbine exhaust split is 1, 100% of the gas turbine exhaust gas goes to the steam turbine and the ORC does no work. As 0 tends to 1, the mass fraction received by ORC decreases. Figure 4 shows that as the gas turbine exhaust fraction increases, efficiency increases. The increase however reaches a limit at values slightly greater than 0.7 because a mass flowrate of 0.14 kg/s or more is required to preheat the air entering the SOFC. As system tends towards operating as triple cycle either as SOFC-GT-ORC (from the left) or SOFC-GT-ST (from the right), the efficiency begins to decline suggesting that the combined cycle integrated with SOFC and ORC gives a better Figure 9 . Effect of gas turbine exhaust split on efficiency.
performance. The spread among the working fluids is wider at lower gas turbine exhaust fraction and closer at higher gas turbine exhaust fraction, almost approaching a point suggesting that working fluids perform alike at higher gas turbine exhaust fraction. R-123 achieved the most efficiency because it has wide temperature range in the subcritical region of the pressure enthalpy diagram and a high critical temperature of 180˚C yet it may not be environmentally suitable. Although the subcritical temperature of R-290 at 370˚C exceeds R-123, its saturated vapor enthalpy of 606 kJ/kg at the condensing temperature of 30˚C is detrimentally much higher than R-123 which is only about 400 kJ/kg. Some fluids, at the specified condensation temperature of 30˚C, like R-143a, have high vapor pressure making them unsuitable for low grade waste heat recovery. R-143a has no chlorine and high chemical stability. Condensing below 30˚C improves efficiency but it is not pratical as this promotes corrosion. Thus R-123 offers an enthalpy drop resulting in large specific work which is aided by high latent of vaporization and high evaporation temperature. Variation in the quality and quantity of waste heat affects the choice of ORC fluids. Higher area substended under the ORC cycle per working fluid relative to Carnot efficiency implies better performance. Although R-123 is a B1 in the ASHRAE safety level which is considered less safe than an A1 like R-134a. A given mass of R-123 would contribute about 93 to global warming over 100 years compared with CO 2 which contributes approximately 1 over the same 100 years period. R-600 produced high efficiency of ~72% at SOFC temperature of 1100 K, however it is considered flammable. R-134a is similar in behavior to R-12 but with insignificant ODP and GWP. 183 Energy and Power Engineering R-22 is an alternative to R-12 but R-22 is being phased out so it's expensive. R-124 is used in high ambient cooling applications.
Conclusions
A mathematical model of natural gas SOFC-GT-ST-ORC cycle was developed and simulated at different key operational conditions and with 14 working fluids for ORC cycle. The study was verified by comparing with those available in literature and the results showed that an average efficiency of 66% is obtainable.
The working fluids tend to produce closely related values of efficiency, at higher values of gas turbine exhaust fraction, air flow fraction, fuel flow fraction, SOFC cathode inlet temperature, SOFC outlet temperature, and fuel utilization factor and lower values of compressor pressure ratio.
Of the 14 simulated working fluids, R-123 performed utmost yielding an efficiency of 70%. Because it has a wide temperature range in the subcritical region and a high critical temperature enabled by its chemical composition and R-32
performed least with an efficiency of 69.5%. R-134a reaches an efficiency of 69.8%, nevertheless it is the preferred working fluids because it's an A1 on ASHRAE level of safety and 0 ozone depletion potential although it stands the chance of being regulated in the future because of its relatively high global warming potential. In the future, R-124 might be the choice working fluid. Even though it was sixth in rank in terms of efficiency on the list, it's an A1 with lower global warming potential than R-134a. Besides, it is a dry working fluid which is better than R134a a wet working fluid although it has a slightly higher ozone depletion potential.
